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I. INTRODUCTION
" This work examines the isothermal corrosion behavior of primary containment materials that will be used in Solar Two, a 10 megawatt (peak electric) solar central receiver power demonstration plant [1] . This technology demonstration has been undertaken as a joint project between a consortium of electric power utilities and the U.S. Department of Energy. In the proposed system, the receiver structure consists of a number of tubing panels through which will circulate a heat transfer fluid that is heated by sunlight focused by an array of computer-controlled mirrors (heliostats). The heat transfer fluid chosen for this demonstration is a molten salt consisting of 60 wt.% NaNO3 and 40 wt.% KNO3, which has a melting point of 238°C and an intended working range of 290°C to 570°C. These proportions of the individual nitrates were chosen because the resulting mixture optimizes a number of important properties, including heat capacity, thermal conductivity, corrosivity, ease of handling and storage, and cost.
It is expected that a carbon steel will be used to construct the low temperature portions of the system and a higher performance material, such as a stainless steel, will be used in high temperature portions (e.g., the receiver). We have chosen to examine A36 as the carbon steel and 304SS and 316SS as they represent likely and low cost candidates for each of . these temperature regimes. The 300 series stainless steels are good choices for this study, as previous work has shown that they exhibit good corrosion resistance and no degradation m mechanical properties after relatively long-term exposure to molten nitrates at the . temperatures of interest [2] [3] [4] [5] .
Large quantities of molten salt are needed to optimize the thermal energy storage capacity of this system. It is expected that the total inventory of salt in the Solar Two facility will be about 1.5 million kilograms in order to provide thermal energy storage equivalent to four hours of peak electric power generation. Because of the very large salt inventory, it is important to select the most economical grades of these nitrates salts that satisfy the engineering requirements. A cost savings of nearly $1M dollars can be realized by choosing low-cost nitrates. Since these lower cost grades of nitrate can have higher impurity concentrations, it is necessary to assess their impact on containment material compatibility. The impurities typically present in some grades of nitrates, such as NaC1, KCIO4, Na2SO4, alkalinity, etc., must not aggravate corrosion of the containment alloys. For example, dissolved chloride may be a concern since it is often found to accelerate corrosion in high temperature oxidizing environments [6] .
While the previous studies mentioned above have established that high purity nitrates constitute a relatively benign corrosion environment, there is little specific information regarding the effects of impurities on corrosion resistance. A recent paper concerning the effect of sulfate ion on corrosion of mild steel in nitrate melts reported that corrosion rates increased 20% when 7.5 wt.% Na2SO4 was added [7] . For chloride impurities, a few papers in the technical literature describe the results of short-term nitrate exposures, .
although at temperatures much higher than our application. The results generally indicate that chloride ion concentrations above 0.3 wt.% measurably increase corrosion rates of iron and carbon steels compared to chloride-free melts [8] [9] [10] . Because of these findings, one specific goal of the current work was to address the question of increasing chloride " concentration on corrosivity.
II. EXPERIMENTAL
Nitrate Mixtures
,i
Seven binary mixtures and one ternary nitrate mixture were examined in this study and are listed in Table I . All of the binary mixtures had the same nominal composition of 60% (wt.) NaNO3 and 40% KNO3. The first three mixtures were derived from a single source of relatively high purity salt. Mixtures #2 and #3 were comprised of the same 60/40 mixture as #1 but with deliberate additions of chloride ion (as NaCI). The maximum chloride addition was 1.3 wt.%, which is 30% more than the highest expected level in commercial grades of salt. The intent of using these three mixtures was to systematically examine the effect of increasing chloride concentration on the corrosion behavior in the absence of significant amounts of other impurities. Mixtures #4 -#7 were melted from other commercially available nitrates containing somewhat higher impurity concentrations. The sources and nominal composition of these mixtures are also shown in Table I . In addition to these binary salt compositions, we have also examined the corrosivity of a ternary mixture chosen because it has an appreciably lower melting point (160°C). The initial concentrations of some of the principal impurities in the nitrate mixtures used for the experiments are shown in Table II . These values were determined using standard chemical analysis techniques. Since dissolved chloride may not be the only specie influencing the corrosion characteristics of the alloys studied, other potentially important impurities present in the nitrate mixtures, including perchlorate, sulfate, and carbonate are listed. Finally, the initial concentration of nitrite (NO2-), an equilibrium constituent of the nitrate system, is also shown in Table II .
Coupons
The nominal compositions of the test alloys, A36 carbon steel, 304SS and 316SS, are shown in Table III . Rectangular coupons measuring approximately 20 mm x 50 mm x 2 mm in thickness were cut from sheet stock, cleaned, alcohol rinsed, and weighed prior to immersion in the melts. Because of the large number of coupons, the samples were used with the as-received surface finish rather than being prepared identically. The 304SS starting stock appeared to have a surface finish similar to that produced by wire brushing. The A36 and 316SS starting stock appeared to have a smoother finish typical to that produced by a rolling operation. Several additional coupons of 316SS were ground with 180 grit carborundum paper and placed in crucibles # 1, #3, and #6 to compare their corrosion behavior with the as-received coupons. Two weldments of each stainless steel were also prepared for testing in each salt mixture by making single-pass welds using 308L weld wire.
The A36 coupons were fully immersed in crucibles constructed from carbon steel. All of the stainless steel coupons were immersed in crucibles constructed of 304SS. Each crucible contained about 10 kg of the nitrate mixtures. The carbon steel specimens were immersed at 316°C while the stainless steel specimens were immersed at 570°C with the exception of the ternary mixture. The ternary mixture was intentionally maintained at a low temperature because of uncertainty regarding its thermal stability. This crucible was held below 480°C for the first 5400 hours and then gradually increased to 550°C for the last 1600 hours. In all cases, crucible temperature was controlled to +10°C. The melts were periodically sparged with air in order to maintain the nitrite concentration at the levels expected in solar thermal electric systems.
Two specimens of each alloy were removed from the nitrate mixtures at intervals of 120, 264, 480, 832, 1608, 2952, 4008 , and 7008 hours for examination and analysis. Two welded samples of each alloy were removed at 4008 hours. The 316SS coupons with " [ 11] , while the stainless steel coupons were descaled in boiling alkaline permanganate [12] . These solutions removed all corrosion products with negligible attack , of the underlying metal. In some instances, the companion specimens for selected time intervals were cross-sectioned and prepared for metallographic examination. Optical and scanning electron microscopy and electron microprobe analysis were used to characterize the structure and composition of the adherent corrosion products. The oxide phases present were identified by an X-ray diffraction procedure as described elsewhere [ 13] .
III. RESULTS AND DISCUSSION
Stainless Steels D. escaled weighl loss
Descaled weight loss measurements for the 316SS coupons removed from the eight salt mixtures at various times are presented in Table IV . Double entries for a given time indicate that duplicate samples were descaled. The values for the duplicate entries indicate the variability in these measurements. The weight losses were between 5 and 6 mg/cm 2 after 7008 hours of immersion, except for mixture #6 which was somewhat higher at 8 " mg/cm 2. The weight losses at 7008 hours correspond to reductions in metal thickness of 6 to 10 microns.
- Figure 1a shows a plot of the average weight loss data vs. time for 316SS. The close grouping of the weight loss curves for each of the salt mixtures indicates that corrosion of 316SS was relatively insensitive to the impurity content of the various nitrate mixtures. The small descaled weight losses of coupons in the ternary salt mixture (#T) were due to the low temperature of that crucible until near the end of the test. The average values of the descaled weight losses of 316SS are plotted in Figure 1b using logarithmic coordinates. When plotted in this way, weight loss vs. time data can often be used to infer a corrosion mechanism. For example, data that exhibits a one-half power time dependence implies that the surface corrosion products grow by a diffusion-controlled process where the rate of formation slows as the oxide film thickens. Such a "parabolic" process is inherently protective since the formation of the scale impedes further corrosion. Alternatively, linear kinetics can arise in a number of ways. For example, the corrosion film may be porous and therefore not constitute an effective diffusion barrier. Net linear kinetics may arise through a sequential process of protective oxide layer growth and spallation.
In the present experiments, we are unable to assign a power-law (i.e., a unique kinetic process) to most of the data. In many of the mixtures, kinetics appear to closely follow parabolic rate laws initially and then become linear after prolonged exposures. This situation often arises when oxide layers grow until their adhesion is compromised, by the formation of residual stresses in the oxide layer for example [ 14] . In the absence of uniform corrosion kinetics for the entire duration of these tests, a conservative approach based on a -linear extrapolation "fthe data seems warranted for estimating corrosion-induced metal loss at longer times. For isothermal exposures, such linear extrapolations yield annualized weight losses of 6-10 mg/cm 2. It should be recognized that in a solar thermal power • application, the receiver is only at temperature approximately 1/3 of the time. Thus, for a projected 30-year service life typical of solar thermal applications, an upper estimate of weight loss for 316SS is =100 mg/cm 2. This corresponds to a total metal loss for 316SS of ,,,, approximately 125 _m (0.005 in). We emphasize that these estimates are based solely on the current isothermal exposure data and do not account for effects that may arise from the diurnal cycling inherent in receiver operation.
Descaled weight loss measurements for the 304SS coupons removed from the eight salt mixtures at various times are presented in Table V using the same format as Table IV. The average values of the descaled weight losses vs. time are plotted in Figure 2a . Overall, 304SS exhibited more variability in corrosion resistance compared to 316SS. The weight losses range from 4 to 10 mg/cm 2 after 7000 hours of immersion or annualized losses of 5 to 12 mg/cm 2. These weight losses correspond to an annualized reduction in metal thickness of 6 to 15 _m. For a 30-year service life, an upper estimate of total metal loss for 304SS is approximately 150 _tm (0.006 in). Again, the ternary mixture (#T) was an exception because of the singularly low temperature in that crucible until late in the test.
The weight loss data for 304SS reveal the presence of an effect due to chloride concentration. The effect is particularly evident for the high-purity mixture (#1) vs. the chloride-doped mixtures, #2 and #3 (solid symbols in Figure 2 ). The mixtures containing a variety of impurities, #4-7, also generally show increasing corrosion rates as chloride content increased, although other impurities, such as sulfate in mixture #5, may also affect corrosion rates [15] . Those mixtures containing less than approximately 0.3 wt.% chloride, #1, #6 and #7, experienced = 50% of the corrosion observed in the mixtures exceeding this level of chloride. We also note that corrosion rates of both 304SS and 316SS in the mixtures containing the lowest concentrations of impurities, #1, #6 and #7, were essentially identical.
o All of the 304SS coupons exhibited relatively large weight losses of 1-2 mg/t_m2 within the first 100 hours of exposure, followed by much slower rates of weight loss. These initial weight losses may be attributed to the wire-brushed surface finish and are not typical of the bulk material response. In order to determine the corrosion kinetics for the data shown in Figure 2a , it is necessary to normalize the data to remove the short-term weight losses. The normalization is performed by subtracting the time and weight loss measurements of the first exposure interval from all subsequent measurements. The relatively small weight losses, combined with the scatter in the data, precludes an unambiguous interpretation of Figure 2b , a logarithmic plot of the normalized data. The normalized data do, however, reveal certain interesting trends that further suggest the presence of a chloride effect. The coupons exposed to the higher chloride concentration mixtures (#2-5) tend to exhibit nearly linear weight loss kinetics, although the rates are generally low. For the remaining low chloride binary mixtures (#1, #6 and #7), the kinetics appear to more closely follow parabolic or one-half power time dependence. This can be seen more clearly in Figure 3 which shows a nearly linear relationship between descaled weight loss plotted against the square root of time (parabolic coordinates). This suggests that the corrosion scales formed in these low-chloride mixtures are protective. We suspect that the low linear corrosion rates in the higher chloride concentration mixtures are due to repeated detachment of otherwise protective oxides.
In addition to the effect of the wire-brushed surface finish on corrosion of 304SS described above, an effect of surface finish on corrosion of 316SS is suggested by the limited data in Table IV . In Table IV , weight losses are reported for three coupons of 316SS that were prepared by grinding with #180 grit carborundum paper. These coupons, tested in mixtures . #1, #3, and #6 for 4032 hours, all experienced less weight loss than coupons with the asreceived, rolled surface finish. The response of the coupons with ground surfaces is expected to be more typical of the long-term corrosion behavior of the material. Although (a) Descaled weight loss measurements for 304 stainless steel specimens exposed to nitrate salt mixtures at 570°C. (b) Logarithmic plot of descaled weight loss measurements shown in (a). In order to eliminate surface effects, the data have been normalized to exclude weight loss measurements from the first sampling interval. Descaled weight loss for 304 stainless steel specimens exposed to nitrate salt mixtures 1,6 and 7. After an initial rapid increase, weight loss measurements exhibit a parabolic dependence with respect to exposure time.
grinding induces some localized cold work, it removes the more extensive work induced by rolling processes.
• The data in Tables IV and V indicate that weldments of 316SS and 304SS, respectively, immersed for 4008 hours, generally corrode to the same extent as the parent metal. However, given the scatter in these data and the fact that the weld zones comprise only .
about 20% of the surface area of these coupons, it may not have been possible to detect any differences in weight changes unless the weld metal or heat-affected zones were very susceptible to corrosion. However, metallographic analysis of cross-sectioned segments of the weldments did not reveal any differences in corrosion behavior between the weld zones and the parent metal.
Oxide adheren?¢ Visual inspection of the coupons before descaling clearly indicated that the surface oxide layers spalled to some degree on most samples. In many cases it was clear that the unoxidized base metal was visible, indicating that spallation had occurred upon cooling to room temperature. As a means to objectively compare the tendencies of oxide layers to spall from each steel in various salt mixtures, the following quantitative indicator was used.
We define S to be the ratio of the net weight gain (the weight of a coupon upon removal from the crucibles minus its initial weight) and the descaled weight loss. If all of the oxide formed by corrosion adheres to a coupon and if the loss of soluble metal alloy constituents to the melt is negligible, then the value of S is established by the stoichiometry of the oxide " according to Equation 1.
In Equation 1 , the values of g are the stoichiometric coefficients of oxygen and metal in the oxide scale, and W(a/o) their respective atomic weights. Based on the X-ray diffraction results discussed later, we can assume that magnetite, Fe304, constitutes the major fraction of the oxide formed. Since the alloying elements in 304SS and 316SS are all transition metals with similar atomic weights, we neglect the effect on W(a/o) Metal and use the value for iron (55.6). For this case, the value of S is 0.38. To obtain an indicator of oxide adherence that varies between unity for completely adherent layers and zero for completely detached oxides, we note that for completely adherent oxides, the weight of a coupon as removed from the melt, Wf, is
where Wo is the initial coupon weight.
To obtain a quantity on the left-hand side that becomes zero if all the oxide spalls off, we subtract the weight of the descaled coupon, Wd, from each side. 
Y -S+l AWloss
We expect that oxides should be adherent at least at short times, so the sampling time at which Y decreases below unity indicates that oxide spallation has occurred. Since weight change measurements are aggregated over the entire coupon, the value of the indicator gives no information about the type of spallation and it is not necessarily useful for mechanistic interpretations of spalling. Specifically, the oxide adherence factor, Y, does not address the inherent adherence of the surface scales as they are formed during the exposure of the alloy to the nitrate salts. Values less than unity do not serve to indicate that spallation occurs concurrently with the high temperature exposure or at some time subsequent to exposure. Further, these data afford us no information regarding how spalling progresses once the initial detachment of some or all of the scale occurs.
The calculated values of Y for 316SS and 304SS are shown in Tables VI and VII , respectively. Table VI shows that the oxide layers on 316SS are adherent in virtually all the salt mixtures for at least 1600 hours. At the next sampling interval (2952 hours), these values decline below unity in all cases. This result correlates with the weight loss measurements in Figures la and b in that parabolic kinetics are obeyed at short time intervals while linear kinetics hold for longer-term exposures. The data for 316SS show that the coupons with ground surfaces placed in mixtures # 1 and #6 had adherent scale layers at 4032 hours, while the sample in mixture #3 spalled. This implies that by removing metal from the surface, the grinding process can enhance oxide adherence. Since the former mixtures were the lowest in chloride content, while #3 had the highest chloride content, it appears that the presence of chloride degrades oxide adhesion in molten nitrate salts (as it does in other oxidizing environments [6] ) even on ground surfaces.
In contrast to 316SS, Table VII shows that even at 100 hours, the oxide layers on 304SS were not completely adherent. The lack of oxide adherence indicated in Table VII is not inconsistent with the parabolic weight change data for 304SS shown in Figure 3 for mixtures #1, #6, and #7. Rather, these two observations suggest that the loss in oxide adherence results from thermal stresses induced upon specimen cooling to room temperature.
Oxide structure and composition Detailed characterization of the structure and evolution of the corrosion products was made difficult due to the degree of spallation that occurred and by the complexity of the surface oxidation products. However, a number of coupons had remnants of oxide scales that provided useful information regarding structure. Figure 4 shows a scanning electron micrograph of a metallographic cross-section of a 304SS coupon immersed in mixture #4 for 1608 hours. The coupon was nickel plated prior to metallographic preparation (in order to protect the corrosion products from damage) and the layer of plating is marked on the micrograph. The microscopy reveals that the oxide has formed a surface film with an average thickness of 5-12 I.tm. The scale in Figure 4 is comprised of two distinct regions separated by a well-defined crack that runs parallel to the oxide-metal interface. The scale formed at the external surface (adjacent to the nickel layer) is the most irregular in thickness, varying from 1 to 8 l.tm. The variability in the thickness of the oxide reflects the lack of adherence (it is likely that the structure shown is not a first generation scale). While the oxide adjacent to the alloy is considerably more uniform in thickness, it appears to be quite porous. The general morphology of the corrosion products shown in this figure was characteristic of those formed in each of the binary salt mixtures. However, the extensive Figure 4 . Shows a scanning electron micrograph of a metallographic cross-section of a 304SS coupon immersed in mixture #4 for 1608hours.
porosity at the oxide-metal interface evident in Figure 4 was only occasionally observed. It was not seen in any of the 304SS coupons at times shorter than 1608 hours and was observed in the 316SS specimens at only much longer times. This porosity may explain the " lack of adherence of the corrosion products. The fact that this porosity is only occasionally observed suggests it develops slowly with time as each successive generation of oxide is formed. Figure 5 shows a backscatter electron image (BSE) of the adherent oxide on a 304SS coupon immersed in mixture #1 for 7008 hours. The contrast in the corrosion layer reflects the sensitivity of BSE to the atomic mass of the constituents of the different oxide phases. The figure also shows the elemental distribution of the principal alloying elements of 304SS and certain constituents of the nitrate mixture [ 16] , sodium and magnesium, through the thickness of the surface scale. This analysis was done using the wavelength dispersive analysis (WDS) capability of the electron microprobe (EMP) and is semi-quantitative in nature. Because of the extensive spallation, neither the image nor the elemental profiles reflect the structure and composition of a 7000 hour oxide. Rather, they only reflect the residual, adherent structure of an "nth'' generation scale. Thus, these elemental profiles can show considerable variation between specimens. For the corrosion features shown in Figure 5 , the WDS results reveal that the oxide at the external surface (the surface in contact with the salt) was a chromium-free, iron-based oxide that contained -_ 12 % sodium. This is typical of many of the residual oxides at this and at shorter time intervals and has been observed in an earlier study [ 17] . X-ray diffraction (see below) identified this surface scale as NaFeO2. The analysis further revealed that iron and chromium were the principal metallic constituents of the subsurface scale. Manganese was also found in this layer at 2 -3 " times its normal concentration in the alloy. Chemical analysis revealed that mixture #1 I contained only trace amounts of magnesium and in agreement with this, no magnesium was detected in any of the oxide layers.
q Figure 6 shows an example of the oxide structure formed on a 304SS coupon immersed in mixture #4 for 7008 hours and the associated EMP ana, ysis. Generally, the oxide exhibits similar features to that shown previously. In this case, though magnesium was found in the surface oxide layer at concentrations less than _-5 wt. %. Sodium appears to be somewhat more uniformly distributed throughout the entire oxide structure. Figure 7 shows the oxide structure formed on a 7008 hour coupon of 304SS immersed in mixture #6. In this instance, the micrograph suggests the presence of three distinct oxide layers. The associated elemental profiles through the oxide are also shown in Figure 7 and reveal that the near surface layer is comprised of iron and magnesium (_-8 % Mg).
X-ray diffraction was used to identify specific crystallographic phases in the oxide structures. The analyses focused primarily on samples removed from mixtures #1 and #5 at progressively longer sampling times up to 2952 hours. Three major phases were identified on both alloys. These consisted of an orthorhombic Fe203 (hematite) type phase, a cubic spinel Fe304 (magnetite) type and orthorhombic sodium ferrite, NaFeO2. The sodium ferrite may have its origin in the reaction between trace amounts of sodium oxide in the molten nitrate and hematite as: Na20 + Fe203 _ 2NaFeO2 -Based on the corresponding EMP data, chromium and manganese likely substitute for iron in the cubic spinel oxide corresponding to an (Fe,Cr, Mn)304 type structure. In addition, it is likely that substitution of magnesium (when present) and chromium for iron in the spinel , Fe304 phase corresponds to a (Fe, Cr, Mg)O4 type cubic structure. Where magnesium is detected, it is likely that Mg .2 substitutes for Fe.2 in Fe304 to form MgFe204. Shows the oxide structure formed on a 7008 hour coupon of 304SS immersed in mixture #6. Figure 8 .
SS @7008 hours, Mixture #1
Shows an example of the oxide structure formed on a 316SS coupon immersed in mixture #1 for 7008 hours and the associated EMP analysis.
to Coupons immersed in mixtures #4 and #5 had surface scales with a distinctive rust-red coloration indicative of hematite (Fe203). The relative abundance of the different phases changed with immersion time. For instance, the XRD results for the samples immersed for 864 hours identified the presence of both the Fe203 and Fe304 type of oxides. At this sampling interval, Fe203 was more abundant compared to Fe304, based on relative intensity of the diffraction peaks. The Fe304 phase increased with respect to Fe203 as exposure time increased. NaFeO2 was first observed for the 1608 hr samples (both 304 and 316SS) and was most abundant in the samples removed from mixture #5. Furthermore, the • NaFeO2 phase continued to increase in samples removed at 2952 hours. Because of the extensive spallation, X-ray analysis was not performed at longer immersion times. Even at shorter times, the observations regarding the relative abundance of the different oxide phases must be considered qualitative.
All of the 304SS coupons exhibited the presence of dark subsurface features located in a 5 micron wide band immediately below the oxide-metal interface. In each instance, these features are associated with elevated nickel concentrations (-_14 -20 wt. %) and depleted chromium concentrations (---12%). At this writing, work is in progress to identify the structure and composition of these features. Figure 8 shows an example of the oxide structure formed on a 316SS coupon immersed in mixture #1 for 7008 hours and the associated EMP analysis. Once again, the oxide exhibits similar features to that shown previously. In this case, the surface scale is revealed to be striated, consisting of many successive layers of different oxide phases. The spatial resolution of the WDS technique is inadequate to qualitatively reveal the composition of each individual oxide layer. In this particular case, the analysis reveals that the layer consisting predominantly of the NaFeO2 phase is located intermediately between surface iron oxides and an iron-chromium spinel at the metal interface. 
Carbon Steel
Descaled weight loss
Descaled weight loss measurements for the carbon steel specimens at 316°C are shown in Table VIII and Figure 9a . In general, the data fall into two distinct categories. The specimens exposed to the high-purity/chloride-doped mixtures (#1-3) experienced both larger initial weight losses and larger long-term weight losses than coupons immersed in mixtures #4-7, which contained a variety of impurities in addition to chloride. Chloride concentration alone cannot account for these differences in corrosivity since the chloride levels of mixtures #4-7 were intermediate between mixtures #1 and #2 (see Table I ). Indeed, even for those specimens immersed only in mixtures #1, #2 and #3, where the base nitrate composition was identical, the increasing chloride concentration did not result in an unambiguous increase in corrosion. For the specimens exposed to nitrate mixtures containing other impurities (#'s 4-7), the overall weight changes do not show a systematic effect of chloride levels on corrosion.
These observations contrast with previous findings of short-term corrosion tests. For example, El Hosary, et al. [8] , reported that the corrosion rate of mild steel at 400°C increased approximately as the logarithm of the chloride concentration in the range studied here. In that work, at 0.5 wt.% chloride, the corrosion rate increased by a factor of about three compared to a chloride-free melt during an 8-hour test. Notoya, et al, report substantially the same results for corrosion of iron at 400-450°C [ 10] . The lower temperatures employed in the current work may be the source of the contrasting behavior. Figure 9 .
(a) Descaled weight loss measurements for carbon steel specimens exposed to nitrate salt mixtures at 316°C. Co)Logarithmic plot of descalexi weight loss measurements shown in (a). In order to eliminate surface effects, the data have been normalized to exclude weight loss measurements from the first sampling interval. Figure 9b is a logarithmic plot of the weight loss data shown in Figure 9a . Similar to the behavior of the 304SS, all of the carbon steel coupons exhibited a relatively large weight • loss in the first sampling interval, ranging between 0.2 and 0.5 mg/cm 2 . As before, it is necessary to normalize the data to remove the short-term effects in order to identify the corrosion kinetics. Here too, the small weight change measurements coupled with the . scatter in the data preclude unambiguous interpretation of Figure 9b . However, the coupons exposed to mixtures #1-3 tend to exhibit nearly linear weight loss kinetics. For the remaining binary mixtures (#4-7), the kinetics appear to more closely follow parabolic or one-half power kinetics, suggesting an oxidation process that yields more protective scales than for the first three mixtures. Other studies have shown that carbon steels can display parabolic oxidation kinetics in molten nitrates during short (10 hours) immersion times [8] [9] [10] .
Oxide Adherence
In contrast to the stainless steel coupons, the carbon steel coupons did not show any spallation of oxides to the bare metal upon visual examination. To estimate the amount of spallation, the same protocol used above was applied to the weight change data obtained for carbon steels. The results of these calculations are presented in Table IX and generally show that oxides on the carbon steel specimens immersed in mixtures #4-#7 are adherent even after 7000 hours of immersion. This adherence is no doubt partly due to the relatively thin layers that grow at the lower temperature of these tests. Thinner layers generate both lower growth stresses as well as lower thermally-induced stress upon cooling. The -calculated adherence factors for the specimens immersed in mixtures #1-#3 are somewhat less than unity and the weight loss data presented in Figure 9b indicate that the corrosion kinetics are more accurately described as linear. The rather low amounts of corrosion rendered microscopy ineffective as an analytical tool for characterizing the structure and composition of the residual corrosion products simply because the oxide scales were only 2 to 4 I.tmin thickness, based on weight change data. However, X-ray diffraction showed the scale to consist of two phases, a dominant Fe304 spinel phase and a minor phase corresponding to Fe203.
We have not discussed the structure and composition of the oxide layers formed on the alloys immersed in the ternary mixture. This is due principally to the minimal corrosion experienced by all the stainless steels at the low exposure temperature. The very thin surface scales formed on the stainless coupons precluded any quantitative or even qualitative analysis of the type discussed above. We note however, that the A36 coupons exposed to the ternary mixture (#T) exhibited lower weight losses than those in any of the binary mixtures at the same temperature. It was evident that a different type of oxide was formed on carbon steel in the ternary salt since it was difficult to descale these coupons compared to the others.
Salt Composition
The concentrations of the impurity species were analyzed periodically to monitor the . compositional changes of the nitrate mixtures as well as to detect the presence of dissolved corrosion products. As expected, the major change in composition occurred due to the dissociation reaction of nitrate which forms nitrite and oxygen. Figurel0a shows the nitrite . concentration in each mixture at 570°C throughout the course of the experiments. From an initial value of essentially zero for all mixtures, the nitrite concentration increased to 3.5 % to 5.5 %. These values agree quite well with the calculated value of 3.6 wt.% based on equilibrium between nitrate, nitrite and air at 570°C [ 18] . The concentration of nitrite was negligible in the low temperature crucibles as expected.
The chloride concentrations in a number of mixtures increased slightly during the first 1608 hours of the test. The increases in chloride occurred in concert with a corresponding and stoichiometric decrease in perchlorate (CIO4-) concentration until, at 1608 hours, the perchlorate concentration in all of the high temperature crucibles was essentially zero. The chloride levels then stabilized at the higher values. Although perchlorate ion is reported to be stable in KNO3 at 450°C [19] , it can be reduced to chloride by a number of reactions. A redox reaction would likely occur with nitrite since a stoichiometric excess of nitrite is present. The free energy change for perchlorate reduction by nitrite is favorable based on the data available for low temperature [20] . Perchlorate can also be reduced by metallic corrosion or by other impurities in the melts. The rate of perchlorate reduction was much slower in the low temperature mixtures.
The sulfate concentrations of the various high temperature mixtures were essentially stable during the tests. However, it is notable that the two mixtures that have appreciable sulfate concentrations (#4 and #5, see Table 2 ) yielded stainless steel coupons that had surface scales with a distinctive rust-red coloration indicative of hematite (Fe203). In all of the other mixtures the sulfate concentration was negligible and the residual surface scales were dark gray or black, typical of magnetite (Fe304). The implication is that the thermodynamic activity of oxygen in mixtures containing sulfate was somewhat higher than the other mixtures, although it is unclear how sulfate could cause this. At 316°C, no hematite was observed on carbon steel in either mixture #4 or #5. The concentration of carbonate (see Figure 10b ) increased steadily in the high temperature tests due to the absorption of carbon dioxide from the air bubbled through the melts (Note: a straightforward calculation indicated that the amount of carbon available from the alloys was insufficient to account for any appreciable concentration of carbonate). Carbon dioxide is a Lux-Flood acid and may be absorbed directly by these basic melts, or it may form carbonate by reducing nitrate [21] . The alkalinity of the melts was entirely due to the accumulation of carbonate; no free oxide was detected. Although dissolved carbonate has been reported to increase the corrosion rates of stainless steels in molten nitrates based on weight gain measurements [ 15] , our weight loss data do not support this claim. For example, Fig. 10b shows that mixture #4 had the highest concentration of carbonate over the course of the experiments, but this mixture was no more corrosive than others that contain comparable amounts of impurities, e.g., #5, #6 or #7, as evident from Tables IV  or V. Salt samples from each high temperature crucible were analyzed for dissolved chromium (Cr) and manganese (Mn) since the oxidation products of these alloying elements (chromates and manganates) are soluble in molten nitrates [2] . Figure 10c shows the increase in chromium concentration. After the initial rapid increase between 0 and 864 hours, the chromium concentration remained nearly constant. In fact, it appears to have decreased somewhat, suggesting that the solubility limit of an unidentified metallic chromate compound was reached. The manganese concentration continued to increase with time although at a much lower level than chromium due to its relatively low concentration in the alloys. Analyses for iron and nickel were not performed since these elements do not form soluble species in the nitrate salts [2] .
The observations above demonstrate that changes in the composition of these salt mixtures were generally consistent with the thermodynamic processes of the binary nitrate system and with the corrosion processes observed. The experimental data presented here show that the impurities typically contained in commercial grades of alkali nitrates have relatively small effects on corrosion of stainless and carbon steels in molten salts prepared from these constituents. The corrosion rates of , 316SS and 304SS imply Ihat metal losses of 6 to 15 I.tm/year may be anticipated during isothermal service at 570°C. For the 304SS coupons, the influence of increasing chloride concentration was evident, viz., the rate of weight loss increased as the chloride concentration increased. However, the magnitude of the effect was not significant in the context of the engineering application. No single rate law could be ascribed to the corrosion kinetics for the alloy in all of the mixtures. The low chloride mixtures tended to exhibit parabolic kinetics while the remainder of the mixtures exhibited approximately linear kinetics. For 316SS, weight loss generally followed parabolic corrosion kinetics at short times, transitioning to linear kinetics at longer exposure times. Corrosion rates for 316SS were largely insensitive to the impurity content of the melts. Elemental analysis of the corrosion products on the stainless steel coupons revealed that they consisted of a complex mixture of iron-based oxides that contained several other elements derived from both the alloying elements (chromium, manganese) and constituents of the molten salt (sodium, magnesium).
The differences between the corrosion behavior of the two types of stainless steel tested may well arise from differences in the initial surface finish of the test coupons or from minor differences in their elemental compositions.
i.
Neither the incomplete oxide adherence of the stainless steel samples nor the gradual evolution of porosity in the alloys immediately below the surface scale have been , previously observed. These particular results indicate the need to conduct corrosion tests using non-isothermal conditions to obtain reliable estimates of corrosion allowances for components such as receiver tubes that necessarily undergo daily thermal cycling between the maximum and ambient temperatures. These tests are in progress at the time that this report was printed.
The experimental data demonstrate that at 316°C, A36 carbon steel is relatively tolerant to the impurities typically found in commodity grades of alkali nitrates. The influence of deliberate additions of chloride to a high-purity nitrate mixture was not clearly evident. While there appears to be some difference in the corrosion behavior among various salt mixtures, the overall weight losses were modest and correspond to corrosion rates of about 5 I.tm/yr. Oxide layers, which consisted primarily of magnetite, were generally adherent during these long-term tests.
The chemical changes that occurred in the molten salts throughout the tests were generally those expected from the known thermodynamic properties of the constituents and no degradation of the salts was observed.
